The rotation spectrum of methanol vapor has been measured from 50 to 457 cm-1. Combining these data with the work of Borden and Barker provides an accurate map of the spectrum to 625 cm-1 together with some provisional ob servations between 695 and 860 cm-1. The primary purpose of the theoretical discussion is to identify the observed lines and subsequently, through combi nation relations, to establish the rotational energy levels of the molecule.
INTRODUCTION
The rotation spectrum of methanol is one of the most complex, intense and extensive spectra which has been studied. Its complexity arises from the phe nomenon of internal rotation and from the fact that the hindering barrier is comparable with the thermal energy kT. It is intense since the molecule possesses a relatively large component of permanent electric moment in a direction per pendicular to the symmetry axiH, namely, lh = 1 A4 X 10-18 eHu. Finally it is very extensive :-lince the moment of inertia of one of the rotating components, namely that of the hydroxyl group, is Hmall, thus allowing the existence of high rotational frequencies.
The early observations of the rotation spectrum were made by Borden and Barker (1) who measured the absorption from 380 cm-1 to 624 cm-1 and from 695 em -I to 860 em -I. The exclusion of the middle region was due to presence of the strong carbon dioxide band at 667 em -I. At the higher frequencies Borden and Barker found the spectrum to be relatively simple and to consist of groups of lines with a spacing of around 40 cm-1 which they somewhat correctly attrib uted to a free rotation of the hydroxyl group although the connection i;; not us ::;imple as originally supposed. As they proceeded towards longer wavelengths they observed that the lines became more numerous and their spacing highly irregular, a feature which is fully corroborated by the present investigation which extends the measurement to 50 cm-1• In the region from 150 to 300 cm-1 the lines are so intense and so crowded together that it has proved difficult to fully resolve them. Below 150 em -I their intensity diminishes somewhat although the general complexity of the spectrum remains high.
A theory of the rotational spectrum of methanol was developed by Koehler and Dennison (2) using a simplified model to represent the molecule. This theory predicted a highly irregular and intense Hpectrum in accord with observa tion but it was not possible to identify the individual rotational lines and hence to calculate the height of the potential barrier. K o further progress was made until 1947 when a series of related lines was found by Hershberger and Turkevich (3) in the microwave spectrum of methanol. These lines were later observed with great accuracy by Hughes et al. (4) who measured their Stark effect. This allowed a unique identification of the lines and the subsequent analyses of Burk hard et al. (5, 6) led to a convincing number of internal checks together with a determination of a barrier height of 374.8 cm-1• The present paper consists of two parts: (a ) an experimental measurement of the methanol spectrum out to 50 cm-1 and (b) an attempt to identify the lines and to obtain the rotational energy levels of the molecule. In carrying out the identification, difficulties were encountered similar to those found in analyzing the complex spectrum of water vapor and due essentially to the same causes. Since the moment of inertia of the hydroxyl group is small and the potential barrier relatively low, the resulting rotational frequencies are high. The centrifu gal forces are correspondingly large and produce distortions in the molecule which may shift the lines by as much as several waves per centimeter. Shifts of this magnitude in a crmvded spectrum often make the identifications ambiguous. The methods which were employed in making the analysis contained the fol lowing elements: (1) a calculation of the rotational energy levels of the molecule neglecting centrifugal distortion; (2) an approximate calculation of the effect of centrifugal distortion; ( 3) a calculation of the intensities of the lines and ( 4) the use of combination relations to confirm provisional identifications. It will be considered that a given energy level has been established only when it satis fies the following t'vo criteria. First, all principal transitions to previously estab lished levels must correspond to observed spectral lines. The predicted and meas ured intensities must be in good qualitative agreement and the discrepancies between their predicted and measured positions must not exceed a few tenths of a wave per centimeter. This figure arises partly from experimental and partly from theoretical considerations and will be discussed later. The second criterion is that the given level, when allowance is made for centrifugal distortion, must fit into the pattern of energy levels predicted by the theory of hindered rotation.
EXPERIMENTAL
The large grating spectrometer designed by Randall and Firestone ( 7) was used for the infrared measurements. In order to cover the complete range from 22J..! to 200J..! the following gratings were used in the regions indicated. Filtering and restrahlen combinations were essentially the same as those recom mended by Fuson ( 8) . In general it seemed to be possible to get pure records in the far infrared region with less quartz and wax than Fuson found necessary. It appears likely that the temperature of the source used in the present work was lower than the temperature of the source used by Fuson.
Grating constants were obtained by calibrating the instrument against water lines (9) . Water lines were also used as a constant check on the degree of resolu tion and purity. Resolution was very good at all times. The spectrometer was refocused at the time the work was started.
Each region was run at least three times with different pressures and slit widths, and one continuous run was made over the whole region using methyl alcohol at a constant pressure.
In order to utilize all available energy and eliminate the energy losses which would occur if a cell were used, the methyl alcohol was introduced directly into the main body of the spectrometer. The vapor was kept out of the source box by a thin film of polythene (approximately lJ..! thickness), while studying the region from 22J..! to 40,u. This material was found to be very durable, unaffected by methyl alcohol and highly transparent in this region. It transmitted eighty five to ninety percent of the radiation. From 40,u to 200,u a quartz window was placed between the grating chamber and the source box.
As a precaution against explosion due to possible contamination of the alcohol through air leaks and contact of the vapor air mixture with the hot wire source, two optical level manometers were mounted on the instrument. One indicated the source box pressure and the other the grating box pressure to within approxi mately 10-3 mm of mercury. In this way leaks in either chamber could be de tected quickly before a run was made. The manometers, also, provided a check on vacuum conditions throughout a run.
To obtain some information of the explosion threshold for methyl alcohol, a small explosion flask was designed. This was a vacuum-tight glass container which had a hot wire source sealed into it. Alcohol was introduced in small amounts up to 2 em of mercury. For a given quantity of alcohol, air was intro duced in varying amounts. Each time this was done the wire was heated. Al though the control of the amount of vapor and air used in this experiment was not as perfect as one would like it to be, the fact that no ignition took place indicated that the explosion threshold was very likely below two centimeters of mercury pressure, no matter ho>\' much air was present.
The amount of vapor pressure introduced into the chamber in this work varied from 2 mm to 16 mm of mercury. The path length was about twelve feet.
After the completion of our experimental work a new spectrometer for the far infrared was constructed at the Ohio State University and Professor R. Oetjen and Dr. E. Palik very kindly offered to run that portion of the methanol spec trum where the lines are most crowded together, namely from 100 to 350 cm-1 • Their results were of great value to us in making some of the more difficult identifications and we wish to express our appreciation for their help. Figures 11 and 12 show the result of combining into a single curve the average of the various runs made by us, by Oetjen and Palik and, at the short wave length end, by Borden and Barker (1). The experimental error in the determina tion of lines is of the order of 0.2 cm-1 although for individual sharp lines it may be as small as 0.1 em -1• Relative intensities of neighboring lines should be rea sonably correct although the accidental piling up of weak background lines may introduce falsifications. The intensities of lines in more widely separated regions of the spectrum have less significance due to the fact that various gas pressures of methanol were employed.
METHOD OF ANALYSIS
The first step consists in the calculation of the rotational energy levels neglect ing centrifugal distortion, that is, under the assumption that the hydroxyl and methyl groups are individually rigid structures. It is further assumed that the hydroxyl group may rotate about the symmetry axis of the methyl group sub ject to a hindering potential YzH ( 1 -cos 3x). Here x = rp1 -t/>2 and is equal to the relative rotation angle between the two groups. rp1 and rp 2 are the azimuthal angles specifying respectively the rotations of the hydroxyl and methyl groups about the symmetry axis of the molecule. H is the height of the hindering poten tial. In Ref. 5 the matrix elements of the Hamiltonian are calculated, using as a basis wave functions which would be appropriate for a model in which both the hydroxyl and methyl groups are taken to have coinciding axes of inertial symmetry, that is, both groups may be represented by symmetrical tops having a common axis. These wave functions have the form
where IJ, q,, and if; are Eulerian angles with q, = C1rptfC + C 2 t/>dC. The quantity ei K <Pei M >feJK M is the usual symmetric top wave function and describes the overall or external rotation of both of the groups forming the molecule. M ( x) relates to the internal or hindered rotation and is equal to exp( -iC1Kx/C)P(x)'x, where While it is true that the methyl group may be represented by a symmetrical top, the hydroxyl group is asymmetric and, relative to the symmetry axis of the methyl group, will possess a product of inertia differing from zero. Since the basis wave functions are therefore not energy eigenfunctions, the Hamiltonian matrix of Ref. 5 contains both diagonal and non diagonal elements, the latter depending upon the asymmetry. The energy levels can be found in the usual manner by solving the energy determinant ( diagonalizing the Hamiltonian). In methanol the asymmetry of the hydroxyl group is slight and consequently the nondiagonal elements are small and it will be shown later that, for the most part, they can be ignored.
The diagonal elements of the Hamiltonian may be divided into the sum of three terms. The first of these corresponds to the rotation of the entire molecule and is given by the expression
A, B, C, C1, and D are the moments and products of inertia defined in Ref. 5 while J and K are the quantum numbers describing the total angular momentum and its component along the symmetry axis of the methyl group. An evaluation of these constants is made in Ref. 6 by means of the experimentally observed microwave spectrum. The result for methanol expressed in waves per centimeter is,
The second term in the diagonal elements, E,,x, denote::; the internal or hin dered rotation energy. This may be calculated by the methods described in Ref. 2 and depends upon the moments of inertia C\ and C and upon H the height of the potential barrier. The microwave spectrum when analyzed yielded ( 6) C 1 = 1.245 X 10-4 0 g cm2, C = 6.578 X 10-40 and H = :37-!.82 cm-1• Using these constants EnT K together with the associated Fourier coefficients a P giving the internal rotational wave function M(x), have been calculated forK = 0 through 10 and for n = 0, 1, 2, and : ). A somewhat condensed table of the ap is given in the Appendix. The internal rotation energy leveb through n = 2 are plotted in Fig. 1 where the hindering potential is also shown to scale as a dotted curve. The quantum number T may assume the values 1, 2, or 3 and is intimately connected with the tunnelling process through which the hydroxyl group may penetrate the three equal barriers presented by the three hydrogens of the methyl group. The EnTK are grouped according to the quantum number n. For levels far below the barrier height, n corresponds to the vibrational quantum number in one of the potential minima. For any given T, EnTK is periodic in aX were u = CdC = 0.189275 for methanol. From Fig. 1 it will be noted that the levels of n = 0 lie far below the potential barrier and consequently the tunnelling frequency is low. The maximum split ting between the yarious levels is only about 10 em -r. The splitting is much larger for n = 1 while the n = 2 levels lie above the barrier and may be reason ably well approximated by a free rotation of the hydroxyl relative to the methyl group.
The third and last of the terms in the diagonal elements of the Hamiltonian arises from the asymmetry of the hydroxyl group. It is equal to h2D2/2C1(BC1-D2) times an integral inYolving the hindered rotation part of the wave function.
Substituting the values of moments and product of inertia for methanol one obtains that the first factor expressed in waves per centimeter is 0.006 cm-1• The second factor may be calculated from the wave functions. It is found to be quite small for most of the levels to be considered and has its greatest value of about 50 for certain of the n = 3 levels. The maximum contribution of the term is therefore o.:i cm-1• Both this term as well as the contributions from the off diagonal terms will he neglected for the present hut will be reexamined somewhat later.
The selection rules for radiative transitions between rotational levels are known (2) and have the following form.
(a) For the component of the permanent electric moment lying along the symmetry axis, 11.! = ±1, 0, 11K = 0, 11 n = 0, and T---> T. These transitions give rise to the series of lines v = hJ(AC1 + BC1 -D2)/8·iA(BC1 -D2) or using the methanol constants v/c = 1.61.!. The intensities of these lines closely follow the rulet> for those of a symmetrical rotator and at room temperature the intensity maximum occurs for J = 20 where v/c = 32.3 cm-1• At the beginning of the present experimental range, namely 50 cm-1, their intensity has markedly fallen off and at shorter wavelengths they become negligible in comparison with the Q branch lines about to be described. Hence although they are plotted in 
Consider a transition.!", n " , T11, K ---> .!', n ' , T the expressions for the external and internal energies of methanol already given and remembering that J � K, may be written, where
These lines may be said to form a sub band of P, Q, and R branches with Q branch at v ' /c. The other possible transition in which K -1 ---> K will of course have a similar structure.
The spacing of the lines in the P and R branches is constant and for methanol has the approximate value of 1.6 em -1• The relative intensities within a given sub band are equal to those in any sub band associated with a perpendicular vibration of a symmetrical rotator. As is well known (10) the integrated inten sity of the Q branch, which is composed of many superimposed lines, is approxi mately equal to the sum of the intensities of all the lines of the P and R branches. This fact gives the key to the general appearance of the spectrum. In those regions where the sub bands fall close to each other�and this is the situation for most of the spectrum�the Q branches will stand out as individual lines which by reason of the hindered rotation contributions will be irregularly distrib uted both in position and intensity. The P and R branch lines associated with these Q branches form an intermingling pattern of background lines which in general will not be resolved, at least with the present spectrometer. However in a region where the sub bands are more widely spaced one may expect to find evidence of the P and R branch lines particularly where by chance the P branch lines of one sub band coincide with the R branch lines of some other sub band. This appears to be the origin of the series of uniformly spaced lines occurring near 560 cm-1, for example, and indeed it is possible to identify the particular sub bands responsible for this series and to verify that they have approximately the predicted intensity distribution. For the most part, however, the sub bands are so crowded together that it is not possible to identify or even to observe the individual P and R lines. Consequently in what follows they will be ignored and attention will be paid exclusively to the Q branch lines.
The intensities of the Q branches are to be found through the usual procedure of calculating the matrix elements of the electric moment and combining the:oe with the distribution of the molecules in the various energy states. Just as the wave function may be divided into factors describing a symmetrical rotator and a hindered rotator, so also the resulting intensity may be similarly divided. It will be convenient to use the following expression for the intensity of the Q branch resulting from a transition from the lower energy state E' to a higher state E".
In this formula A is a constant, 11 the frequency of the line, and fT' K' is a weight factor arising from spins of the protons in the methyl group which must of course obey Fermi-Dirac statistics. As in other molecules having threefold symmetry (for example, the methyl halides) one third of the states have an enhancement factor of 2. using the symmetry species of the states described by lvash and Dennison (6) , it is readily shown that fTK = 2 for r = 1, K = 0, 3, 6, · · · for r = 2, K = 2, 5, 8, · · · and for r = :3, K = 1, 4, 7, · · · while for all other values f,K = 1.
F K' K" is the intensity of a Q branch for a symmetrical rotator where the transi tion is one where K'----? K" and J----? J. K" must of course be equal to K' ± 1 and J is equal to or greater thanK' or K" whichever is the larger. F K'K" contains the square of the matrix element associated with the transition, the number of molecules in the initial state and finally a sum over all values of J. In the case of methyl alcohol at room temperature the difference in the energy levels occur ring in the sum is small compared with kT, the thermal energy, and consequently the sum may be replaced by an integral as was done by Gerhard and Dennison (10) in calculating the envelopes of symmetrical top bands. The final formula is,
where u = rN2AkT = 0.00387 at room temperature and {3 = C /A -1 = 4.37. The factor (1 -e-hv/kT) takes care of the effect of the induced inverse transi tions. Although it has been included in the present calculation, clearly it has little significance in identifying the lines since it can not affect the relative in tensities of neighbors. E:,K is the internal or hindered rotation energy of the lower state. The portion of the Boltzmann factor depending upon the external or overall rotation has been taken account of in
is that contribution to the matrix element of the electric moment coming from the internal rotation wave function M(x) as shown in Ref. 2, p. 1016, and is equal to
-0() Using the Fourier coefficients aP already evaluated for methanol (n'r'K' I :m: I n" r" K") has been calculated and its absolute value is plotted in Figs. 
Fro. 2. Internal rotation inten�ity factor, n = 0---+ 1 10 for the various values of n ' and n " which might give rise to lines in the ob served region of the spectrum. The curves for n = 0 ----> 0 have been omitted since they are virtually straight horizontal lines of height unity.
In these figures the two possibilities K ----> K + 1 and K ----> K -1 are differ entiated by bracketing the labels for the latter transitions. It will be noted that the K scale goes from left to right for the K ----> K + 1 transitions and from right to left for the K ----> K -1. For example in the transition n = 0 ----> 2 and At this point the energy levels as calculated from the molecular constants as \Veil as expressions giving the intensities of the lines are available. An attempt \vas made to compare the calculated and observed lines for the transitions he longing to n = 0 ----> 2. The reason for selecting these transitions was that the resulting lines fall, for the most part, between : 350 and 600 em -1• Here the density of lines is much smaller than it is in the longer wavelength region and conse quently there is a greater certainty of making unambiguous identifications. (1--Z} 
A study of this portion of the calculated and observed spectrum showed that it was indeed possible to identify most of the lines but that the calculated lines were shifted from the observed ones by amounts varying up to as much as 10 or 12 cm-1• The magnitudes of the shifts for any particular r transition, say K---> K -1, r = 1 .... .. . 2 were found to depend in a regular fashion upon K but this dependence varied for the different r transitions. From the direction and order of magnitude of the shifts it seemed probable that they must be due to centrifugal distortions and an attempt was made to estimate the magnitude of the effect. It may be helpful to present the calculation initially from a semiclassi cal viewpoint and later to give the formulas arising from a quantum theory treatment.
The levels of n = 2 in methyl alcohol lie well above the potential barrier and consequently may be approximated with very fair accuracy by a model where the methyl and hydroxyl groups perform free rotations with respect to each other. The free rotation case has been studied by Koehler and Dennison (2) and the energies and wave functions may be described by the quantum numbers J, K and m representing respectively the total angular momentum, the com-
ponent of total angular momentum along the symmetry axis and the axial component of the angular momentum due to the hydroxyl group alone. The energy has the expected form
Koehler and Dennison show that a given level may be described either by the numbers J, K, m appropriate for the free rotation, or by the numbers J, K, r, n appropriate for the hindered rotator, and rules are given for obtaining one set of numbers from the other set. The centrifugal distortion contributions to the energy will be, as usual, quartic in the angular momenta and, in fact, depend upon the quadratic combinations of (f + J) , m2, and (K-m)2• The rotational frequencies (classically speaking for the moment ) corresponding to the rotations of either the hydroxyl or the methyl groups about the symmetry axis are much higher than precessional fre quency associated with J. This of course arises from the fact that the moment of inertia A is very much larger than either C1 or C 2
• Since the centrifugal dis tortion contributions are quartic in the frequencies, it follows that the terms involving ( J 2 + J) are much smaller than those containing only K or m. A reasonable estimate of the centrifugal effect may be made therefore by choosing any particular value of J. The work will be made much simpler by letting J = K since this means that the motion consists only of rotations about the symmetry aXIS.
Consider first the centrifugal distortion caused by the rotation of the hydroxyl group. The change in energy is quartic in m and a standard calculation shows it to be where k; is the elastic force constant associated with the ith normal vibration and is equal to 47r2J.J.;v/ where J.l.; is the reduced mass associated with this vibra tion. C1o is the equilibrium value of the moment of inertia of the hydroxyl group and Ci�l is the derivative of C1 with respect to the ith normal coordinate, Ci�l = (oCdoq;)o. These terms have already been evaluated by Hecht and Dennison ( 11) using valence coordinates as an approximation of normal coordinates. The deformation of the HOC angle and the stretching of the OH distance give con tributions 4.2 X 10-3 cm-1 and 2.9 X 10-3 em-\ respectively.
The change in energy due to the centrifugal distortion of the methyl group is given by a similar formula and is proportional to the fourth power of the angular momentum of that group, namely fi(m -K). The coefficient of (m -K)4 might be evaluated through the elastic force constants of the methyl group. At this point however we are mainly interested in its approximate value and we shall use the value calculated by Chang (12)1 for methyl chloride, namely 0.86 X 10-4 em -1• The classical treatment of the centrifugal distortion terms has there fore yielded, A substitution of the appropriate values of m and m -K for the levels of n = 2 (where m is a relatively good quantum number) markedly closed the gaps be tween the calculated and observed positions of the lines n = 0 ---> 2 although it was clear that further adjustments would be necessary to obtain exact agree ment.
The problem of the centrifugal distortion effects was now reexamined using the quantum mechanical treatment employed by Hecht and Dennison ( 11) . The results were as follows.
( 1) The dominant terms are identical with those obtained using classical methods except that m4 and (m -K)4 are to be replaced by their expectation values. These are expressable as functions of the Fourier coefficients appearing in the internal rotation wave functions. Thus (m4) = L p4ap 2 and
(2) Terms appear which arise from the change of barrier height with the centrifugal distortion of the molecule. One of these is proportional to the expec tation value of m2, namely L /a/, times the diagonal matrix element of the potential energy function ( 1 -cos 3x) . The interpretation of this term is evi dent. (m2) is proportional to the centrifugal force acting upon the hydrogen nucleus of the hydroxyl group and gives rise to a distortion of the molecule whose magnitude depends upon the elastic constants. It is to be expected that such a distortion will raise or lower the barrier height by a small amount and that its influence upon the energy levels will be proportional to the average value of the potential energy function.
The coefficient of (m2) (1 -cos 3x) can not be calculated without a much deeper knowledge of the nature of the hindering potential than we now possess. It is however possible to make a very rough estimate of its order of magnitude. Consider those levels which lie above the barrier and which may be approxi mated by a free rotation. The change in energy will be approximately equal to the change in the average potential caused by the centrifugal distortion, that is, to >it.. H(1 -cos 3x). For these levels (1 -cos 3x)"" 1. In rough order of mag nitude one could expect that t.. H "" ± I t.. r/ro I H ± I M I H where t.. r/ro is the relative change in the OR distance, MJ the change in the COR angle and His the height of the potential barrier. By balancing the centrifugal force against the elastic potential forces (the OR and COR potential constants were taken as 7.5 X 105 and 0 . 62 X 105 dynes/em, respectively) one readily obtains (!J.r/r0)H = (0.05)(m2) cm-1 and HM = 0.17(m2) cm-1• Thus the coefficient of (m2) (1 -cos 3x) could well be of the order of a few tenths of a wave per centimeter but clearly neither its true magnitude nor even its sign can be calculated with any certainty.
In addition to the term just discussed there are further terms which may be associated with the dependence of barrier height on the normal coordinates. Most of these are small but there is one which might produce significant effects and which is proportional to the expectation value of (1 -cos 3x )2• It would be very difficult however to disentangle this term from the effects of a first order correction to the assumed sinusoidal potential, namely ( ( 1 -cos 6x) ). A dis cussion of such corrections will be given later.
Two additional remarks must be made before proceeding with the identifica tion of the spectral lines and hence the determination of the rotational levels of the molecule. The first of these relates to the fact that the Q branch lines, on which attention is to be focused, are of course multiple lines since each consists of a superposition of all the J ----7 J transitions where J � K. The usual interac-tion between vibration and rotation will separate the components and produce a convergence which is proportional to J2 + J. The proportionality factor wili depend upon the rotational state (including internal rotation) and its sign may be expected to change as K increases or decreases. The spectrometer used in the present investigation will not resolve the components but it does often reveal an asymmetry of the line. The recorded maximum will thus be shifted by this convergence from its calculated position. In the follo\ving discussion the convergence of the Q branch components will be ignored and this will lead to two results. In the first place, the values of the rotational levels as determined from the observed lines will not be correct to better than the magnitude of the con vergences. These may be estimated to be of the order of a few tenths of a wave per centimeter. Secondly, combination relations will fail to be satisfied by the same amounts. This will be particularly true when the lines in question corre spond to K transitions, some of which increase and some decrease. For these reasons no attempt will be made to fix the energy levels with an accuracy greater than a few tenths of a wave per centimeter and all corrections smaller than this will be ignored.
The second remark concerns the effect of the asymmetry of the molecule on the positions of the levels. There is the diagonal element
dJ. ·2 mentioned earlier. A substitution of the methanol constants showed that the contribution of the term is usually very small but might be as large as 0.3 em -1 for certain of the n = 3 levels. The zeroth order Hamiltonian also contains off-diagonal terms connecting the states K with K ± 1 and K ± 2. When the energy matrix is diagonalized these fuinish contributions \vhich are approximately proportional to ,/2 + �1 and to (J2 + J ) 2• The coefficients of these quantities were given by Burkhard and Dennison (.5) for a particular transition and found to be around 5 X 10-5 cm-1 and ;) X 10-6 em-\ respectively. An inspection of the elements shows that they differ for the various levels since they contain integrals over the hindered rotation wave functions. These integrals however are of the order of magnitude of unity and consequently the above figures are reasonably representative of the expected size of these terms. The population of states in its J dependence is proportional to (2J + 1) exp[ -a(J2 + J)] \Vhere u = 0.00387 for n1ethanol at roon1 tem perature. The population increases with J, reaches a maximum at J """' 11 and subsequently declines sharply. The effect of these off-diagonal elements of the Hamiltonian will therefore be to spread out the lines over a region of the order (using J = 0 to 20) of around 0.5 em -1 • It will form part of the convergence of the Q branch lines already discussed and since its precise magnitude varies from line to line it will contribute to deviations of the energy levels and of the com bination relations in the amount of a few tenths of a wave per centimeter.
The final effect of the asymmetry which will be discussed is the K-type dou bling described by Ivash and Dennison (6). They have shown that for every K (except K = 0) one of the three levels corresponding to the three r numbers is split into a doublet. The magnitude of the splitting depends upon J and K. It falls off rapidly with K however and the principal hope of observing it in the infrared spectrum will occur for the levels where K = 1. The split level is here the one where r = 3. Ivash and Dennison give as the splitting formula,
The integral may be calculated through the use of the Fourier coefficients which describe the hindered rotation wave functions. By this means one obtains the following expressions for the splitting of the levels (031), (131), and (231), respectively [here as in the remainder of the paper a level will be designated by the symbol Clearly transitions involving (031) will show the largest effects. These are (nlO) -> (031) and (n22) -> (031). The selection rules (see Ref. 6) are such that the first of these transitions will contain only one member of the doublet, and therefore the net effect will be to shift the position of the line. The second transition will however consist of a doublet, each component of which is made up of individual lines corresponding to the different values of J. The intensities of these lines, in their J dependency, will be proportional to
For the transition in question K = 2 and for all except the lowest J values, the intensity is roughly proportional to (2J + 1) exp[ -u(f + J)]. The line of maximum intensity is again that for which J ""' 11. The doublet, that is, the distance between the two most intense lines, is 1.7 cm-1• The spacing between the lines is roughly 0.013J cm-1 which, for low J, is considerably below the limit of resolution of the spectrometers used in the experiment. Consequently the ob served intensity when the spectrometer slit, which will include a number of lines, is centered at the Jth line should be porportional to [(2J + 1)/J] exp [ -u(J 2 + J)] and therefore we will not expect to see a doublet but only a single broadened line whose half width may be calculated from the above data to be 2.3 cm-1 • The corresponding lines (n22)-(131) and (n22)-(231) should have half widths of 0.3 and 0.5 em-\ respectively.
An examination was made of all the lines assigned to transitions involving the states (031), (131), and (231). Some of these appear to be rather wide but on the whole they are indistinguishable from the other spectral lines. As the most extreme example we might cite the following. The level ( 122) is well estab lished through the strong line (122)-(013) = 172.7 cm-1• This leads to the prediction that (122)-(031) should lie close to 197.2 cm-1 • Experimentally, there is a line at 197.7 em -I which would fit reasonably well and which is of about the right intensity although it is somewhat weaker than expected. This line is in no way unusual in appearance and has a half width which is certainly much less than the predicted value of 2.3 cm-1• One possible explanation is that the line observed at 197.7 em -I is due to some other cause and that ( 122)- (031) is sufficiently broad so that it merges into the ever present background of P and R branch lines and hence is undetected. The situation is puzzling and it is hoped that further experimental work may resolve the apparent discrepancies.
EVALUATIO� OF THE ENERGY LEVELS
The following procedure was employed. (a) The unperturbed energy levels were calculated for the states n = 0, 1, 2, 3 and forK = 0 through 10 using the barrier height and moments of inertia determined by lvash and Dennison. (b) All the transitions allowed by the selection rules were listed and their intensities calculated. In both of these computations effects due to the asymmetry of the molecules were ignored since it has been shown that they may be expected to be small. (c) A comparison was made between the most intense lines of the n=0 -+2 transitions of the calculated and the observed spectrum. As explained earlier, these lines fall in a relatively clear region of the spectrum and a unique identi fication was possible. (d) A centrifugal distortion correction to the calculated levels was made which had the form a(m4) + b((m -k)4) + c(m2)(1 -cos:3x). The coefficients a, b, c were adjusted to give a fit between the calculated and ob served lines of the n = 0 -+ 2 transitions.
A number of sets of coefficients were found each of which gave substantially equally satisfactory agreements between the calculated and observed lines. The differences in a particular coefficient between the different sets were of the order of 20% where in general an increase in the coefficient a was compensated by a decrease in c. The following values were adopted. These are seen to be of the orders of magnitude predicted earlier. a = -0.0063 em -\ b = -0.0003 em-\ c = -0.14 cm-1 • (e) The next step of the procedure consisted in evaluating the corrections described above for all levels and thus obtaining revised spectral lines which could be compared with the observed lines. In most cases it was possi ble on the basis of both the positions and intensities to make unique identifica tions. Once the identifications were made it was of course easy to obtain the energy levels providing one possessed the base levels from which to start. Since the energy corrections [as given under step (d)] were quite small for the levels of n = 0 and K = 0 to 10, these were taken to be correct and the levels of n = 1, 2, 3 were found as the sum of one or more observed lines and one of the calculated n = 0 levels. In what follows, these will be called observed levels. It would be more satisfactory of course if transitions between the n = 0 levels themselves could be identified. Unfortunately this has not been possible up until now since the lines in question lie between 0 to 70 em-\ and thus for the most part fall outside our experimental region.
The final results of this procedure are presented in Tables I through IV The second column, Ecaic. , gives the calculated energies in em -1 and includes ( 1) the external rotational energy which is equal to 3.4478K 2 , (2) the internal or hindered rotational energy, EnTx, and (3) the centrifugal correction -f:J.E.
Beale. The last column lists the observed energies as found by using the most reliable lines in the observed spectrum. A blank here means that no lines were observed which could fix the level in question. In the case of Table I for n = 0 only cal culated values for the energy are listed since, as remarked earlier, the present range of the observed infrared spectrum does not include a sufficient number of identifiable n = 0 ---7 0 transitions. In treating a spectrum, such as the rotational spectrum of methanol where the lines are irregularly spaced and where they often crowd together so closely that they are imperfectly resolved, the difficulty lies in having confidence in the uniqueness of the identifications. Accordingly, a great number of tests were made. In the first place a comparison may be made between the predicted and observed spectrum. Tables V-VIII list the lines corresponding to transitions to the levels n = 0, 1, 2, and 3, respectively. The first column gives the label of the line (nrK) -(n'T'K') and the second column contains the calculated square root intensity, t12• In most observations of infrared spectra, and certainly in the present case, the width of the individual lines is less than the resolving power of the spectrometer. Under these conditions it is well known that the apparent in- tensity of a line is more nearly proportional to the square root of its true intensity than it is to the intensity itself. The unit in which t12 is given is arbitrary since the figures listed are merely the product of the various factors, rotational, hindered rotational, nuclear spin enhancement, Boltzmann factor and frequency expressed in wave numbers. Lines with a calculated square root intensity of less than 0.1 were judged to be too faint to be observable in the present investigation and consequently are omitted from the tables. The third column gives the frequency obtained through the use of the Eobs . appearing in Tables I to IV retical lines are in general agreement with the observations but no attempt has been made to use it for the purpose of determining energy levels. The intensity scale of the predicted lines is five times greater than that employed in the 50 to 300 cm-1 region of Fig. 11 . In comparing the observed and predicted spectra the following points must be held in mind: ( 1) Every strong predicted line must correspond to a strong ob served line. The only possible exceptions to this requirement may occur in strongly overlaid regions where many weak or medium strength lines may pile up and mask the existence of a single strong line. (2) Most of the strong ob served lines must have associated predicted lines. This follows from the fact that the levels included in the present analysis, n = 0, 1, 2, 3 and K = 0 to 10 will account for virtually all of the intense transitions. However the requirements under ( 2) are not as stringent. as those of ( 1) since the accidental combinations of many weak lines could counterfeit the appearance of a strong line. (:3) The positions of the observed and predicted lines must agree to within the limits of the convergences and perturbations ·which have been neglected. These have been estimated to be of the order of a few tenths of a em -r. (-±) It is expected that many weak lines will be observed which are not predicted since the analysis only includes a limited number of states and moreover ignores the fine :-:tructure lines. It has been remarked that the sum of the intensities of all the tine structure lines is approximately twice the sum of the intensities of the lines being analyzed, namely the Q branch lines. Under the criteria just outlined the agreement be tween the observed and predicted spectra is good over most of the range and excellent in that part of the spectrum where the lines are well separated and hence well resolved.
A second test of self consistency involves the examination of possible com bination relations. The selection rules are such that a pure combination relation requires four observed lines. An example is The number of these complete combinations is unfortunately not very large since in many cases at least one of the four lines is either too faint to be observed or is masked by other lines or falls outside of the experimental region. A second and somewhat less satisfactory type of combination relation is that in which there are two transitions starting from two different n = 0 levels and ending on the same excited level. Since the centrifugal corrections to the n = 0 levels, and in particular the difference in the corrections to nearby n = 0 levels, is small, one may place considerable trust in this type of combination. Table I . One method of displaying the combination relations is to remark that many more lines have been identified in the spectrum than there are "observed" energy levels in Tables II-IV . There are in fact 1-±5 identified lines from which 81 levels have been derived. For this reason the quantity o appearing in Tables V-VIII is a valid measure of the degree to which the combination rela tions are fulfilled. The third method of testing the uniqueness of the identifications of the lines may be described in the following way. Consider the Eobs. for a particular value of n, say n = 2, which is listed in Table III . To each Eobs. is added !1E, (the calculated centrifugal distortion correction) and from this is subtracted 3.44 78K2, the overall rotational energy. The result is the unperturbed hindered rotational energy as determined from the observed spectrum. When plotted against K the points should lie on the analytic periodic curves shown in Fig. 1 . The internal self consistency of these points which, it should be emphasized, are dependent upon the experimental spectrum can be made more evident in the following way. According to the theory the curves of hindered rotational energy are periodic functions of u = C1K/C and repeat \vhen u increases by 3. The curves for r = 2 and r = ;) are identical with the r = 1 curve but have been displaced to the left or to the right, respectively, by the amount u = 1. Thus by a proper trans formation all points may be displayed on the curve of r = 1. One may make a further contraction by noticing that the curve of r = 1 is symmetrical about C1K/C = 1.5. All points may therefore be plotted on the single section of curve from u = 0 to 1.5. This has been done in Fig. 14 for the observed levels of n = 2 and it is clear that the points appear to fall on an analytic curve in conformity To obviate this difficulty one may now subtract from the ordinate of each point the calculated value of the hindered rotation and then replot. The result of this procedure is shown in Fig. 15 for the levels of n = I, 2 and 3. The num ber appearing above each point represents the K value of the level. The final ordinates of Fig. I5 are of course equal to the diff erence between the Eohs. and Ecalc. of the tables but an advantage is gained by displaying them with the single abscissa scale of u which runs from 0 to 1.5. A complete agreement between theory and experiment would result in all points falling on horizontal lines of ordinate 0.0. DeviationR of the point,; from these lines may arise from the following causes : (I) An irregular scatter will re sult from experimental errors and from neglect of the various convergences af fecting the positions of the Q branch line:,;. These have been estimated to be of the order of a few tenths of a wave per centimeter and an inspection of Fig. 1 shows that the points of n = 1 and 2, where the data are best, do indeed exhibit this order of scatter. Certain points however show rather large deviations; for example those relating to the levels (116), (126), and (238). It is possible that these may be due to an accumulation of small errors or perhaps to accidentally large asymmetry contributions. These latter could occur for near resonances be tween unperturbed levels. (2) The corrections for centrifugal distortion depend upon both K and r. Thus an improper correction would tend to separate the points into the three groups corresponding to r = 1, 2 and 3. There is some in dication of such a separation in the points of n = 2 in the region u = 0 to 0.6 but for the most part the points with different r values seem quite well mixed.
,----------------------------------------------
(3 ) The hindering potential has been assumed to have the form }iH ( 1 -cos :ix) with H = 374.82 em -1• If however the potential is not sinusoidal one might think to develop it in a Fourier series in the variable :ix. It would be convenient to express the next term in the expansion as G(1 -cos 6x ). A slight readjustment in the barrier height might be necessary. These perturbations in the potential would then give a correction to the energy levels of amount G((1 -cos 6x)) + J2t.H( (1 -cos 3x) ).
A calculation of this correction was made in the hope that a proper choice of the constants G and t.H might bring the points of Fig. 15 closer to the 0.0 ordinate. The improvement thus obtained was so slight as not to be significant. One definite conclusion did emerge however. The constant G can not be greater than one or two wave numbers without significantly disturbing the agreement and conse quently the hindering potential in methanol must be sinusoidal to better than one percent accuracy.
APPENDIX
The internal rotation wave functions of the symmetrical rotator are denoted by, where the normalization factor (211" ) -1 1 2 has been included so that
In the following tables, for convenience, the a P as listed have been multiplied by 104• Only those ap are included which are large enough to make significant contributions in the calculation of matrix elements. The Fourier coefficients for the n = 3 levels are also omitted. These levels lie so high above the potential barrier that the coefficients may be readily evaluated through the perturbation formulas given by Hecht and Dennison ( 11) in Appendix I. 
